The ribosome is an RNA-and protein-based macromolecule having multiple functional domains to facilitate protein synthesis, and it is synthesized through multiple steps including transcription, stepwise cleavages of the primary transcript, modifications of ribosomal proteins and RNAs and assemblies of ribosomal proteins with rRNAs. This process requires dozens of trans-acting factors including GTP-and ATP-binding proteins to overcome several energy-consuming steps. Despite accumulation of genetic, biochemical and structural data, the entire process of bacterial ribosome synthesis remains elusive. Here, we review GTPases involved in bacterial ribosome maturation.
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In the course of ribosome biosynthesis, transcription, stepwise cleavages of the primary transcript, modifications of ribosomal proteins and RNAs and assemblies of ribosomal proteins with rRNAs coordinately occur. They require a number of trans-acting factors that organize the assembly process of the components, besides factors involved in processing of ribosomal RNAs and proteins. In eukaryotes, hundreds of protein factors and dozens of small RNAs are believed to be involved in ribosome biosynthesis (1) . A functional bacterial ribosome particle can be reconstituted in vitro from its components without any trans-acting factors (2, 3) but it requires a strong ion strength, heat process and long incubation time.
The process of ribosome assembly in vivo should be more complicated, as it must proceed with cleavages and modifications of ribosomal RNAs and proteins. To date, dozens of protein factors have been suggested to be involved in the in vivo assembly process of bacterial ribosome, although most of their roles remain uncharacterized. It is not surprising that more than half of them are GTP-and ATP-binding proteins, considering that several energy-consuming steps involving breaks or rearrangements of intramolecular and intermolecular interactions are assumed to be required for correct folding of rRNA and conformational change in assembly intermediates for sequential assembly of ribosomal proteins and association and dissociation of maturation factors. Recent studies have indicated a role of a bacterial GTPase RsgA during a late stage of maturation of the 30S subunit. Here, we focus on GTPases involved in bacterial ribosome maturation: RsgA, Era and YqeH for the 30S subunit and YihA, RbgA, Der and Obg for the 50S subunit (Fig. 1A ).
An Overview
Characteristics of maturation factors for the ribosome Phenotypes upon depletion. Depletion or inactivation of a maturation factor often has lethal or non-lethal effect including reduction in the rate of cell growth and accumulation of 17S RNA (a precursor of 16S rRNA with 115 and 33 extra nucleotides at the 5 0 -and 3 0 -ends, respectively) or a precursor of 23S rRNA with 3 or 7 and 7, 8 or 9 extra nucleotides at the 5 0 -and 3 0 -ends, respectively, and decreased level of 70S ribosomes relative to those of free 30S and 50S subunits (Table I) . They provide suggestions about which subunit (30S or 50S) each factor works on.
These defects in the ribosome are accompanied by a wide variety of physiological effects (Table II) . Some of them would be downstream effects of impaired translation due to inefficient ribosome synthesis, as we will discuss in the 'RsgA' section. Conversely, defects in ribosome maturation can indirectly be provoked by other defects. For instance, a defect in translation triggered by antibiotics targeting the 50S subunit leads to accumulation of precursors of the 30S subunit (19) . It is also possible that some of physiological defects are independent of the defects in the ribosome, as we will address in the 'Obg' section.
GTPase cycle and affinity to the ribosomal subunit. Most factors involved in ribosome biogenesis bind preferentially to a ribosomal subunit rather than 70S ribosome or polysome. GTPase factors including RsgA, YqeH, RbgA, Der and Obg bind a ribosomal subunit with higher affinity in the GTP-bound form than in the GDP-bound form (Table III) . The GTPase activity of RsgA or RbgA is stimulated by the target subunit (Table IV) , indicating that it binds the subunit in the GTP-bound form and dissociates from the subunit after GTP hydrolysis. This pattern of nucleotide-dependent associationdissociation cycle seems the most general case of GTPases (43) . However, biochemical studies indicate different behaviours for some GTPases involved in bacterial ribosome biogenesis. For instance, the GTPase activity of Era is also enhanced by the 30S subunit, 16S rRNA or a fragment of 16S rRNA (Table IV) , whereas GTP inhibits the binding of Era to the 30S subunit or 16S rRNA rather than enhances it (Table III) . In this case, the mature subunit or rRNA used in in vitro experiments might not faithfully reflect the endogenous target, which should be some kind of precursor of the subunit. It is also possible that a GTPase binds the target subunit in the GDP-bound form and subsequently the subunit itself behaves as the guanine nucleotide-exchange factor, as in the case of RF3 (44) .
Genetic interaction with other maturation factors. Several genetic interactions between putative maturation factors in Escherichia coli have been reported, supporting their roles in ribosome biogenesis. Genetic interactions involving GTPase include RsgARbfA (a 30S subunit-binding factor) (66) , RsgAEra (67), EraRbfA (9), EraKsgA (a methyltransferase for 16S rRNA) (68, 69) , DerRrmJ (a methyltransferase for 23S rRNA) (70) and ObgRrmJ (70) . In addition, Era has a genetic interaction with S12 (71) . However, the molecular mechanism behind them has remained elusive with the exception of the interaction between RsgA and RbfA, which we will describe in the 'RsgA' section.
General properties of bacterial GTPases involved in ribosome biogenesis
Structures of the GTPase domains. GTPases have conserved sequence motifs, G1 (GxxxxGK
, and a weakly conserved sequence motif, G5 (SAK), around the nucleotide-binding site. The loop containing G1 termed P-loop interacts with the b-and g-phosphate groups of GTP. The loops containing G2 and G3, termed switch I and switch II, respectively, make contact with the g-phosphate and undergo a large conformational change upon GTP hydrolysis. G4 and G5 are responsible for recognition of the guanine base (43) (Fig. 1B) . A number of crystal structures of GTPases involved in bacterial ribosome biogenesis are available ( Table V) . Structures of Era, YihA and Der in complex with GDP, GTP or GTP analogue have indicated their significant conformational changes during GTP hydrolysis (63, 64, 7277) .
Hydrophobic amino acid substitution. The switch II region of classical GTPases such as Ras has a conserved glutamine residue next to the G3 motif, which aligns a nucleophilic water molecule responsible for GTP hydrolysis. All of the GTPases that we review here as well as many other bacterial GTPases are classified as hydrophobic amino acid substituted for catalytic glutamine GTPases (HAS-GTPases) having a hydrophobic residue in place of the catalytic glutamine (85) (Fig. 1B and C) . MnmE, a GTPase responsible for modification of nm 5 U or cmnm 5 U at position 34 of tRNA (86) , is the first example of HAS-GTPase with the identified residue that aligns a nucleophilic water. Structural and biochemical analyses have led to a model that dimerization of MnmE orients a glutamic acid residue in switch II, which in turn aligns the nucleophilic water via another bridging water (87) . Homology modelling using the MnmE structure as the template has suggested that YqeH has a wateraligning acidic residue in switch II (88) . Aquifex aeolicus Era has a hydrophobic wall formed by a glycine residue in switch I, and a proline and a conserved methionine residues in switch II to modulate the catalytic water (63) . RbgA has a conserved histidine residue around the N-terminal, which might coordinate the nucleophilic water (89) .
Potassium dependency/K-loop. The intrinsic activities of many bacterial GTPases, including aforementioned MnmE (90) , as well as our subjects, YqeH (88), Era (91), RbgA (54) and Der (77, 91) are enhanced by potassium ions. In MnmE, a potassium ion coordinated by a structure in switch I termed K-loop plays an analogous role to that of the 'arginine finger' of RasGAP (87) . A K-loop-like structure is present in structures of Era (63, 92) and YihA (73, 92) and probably in those of YqeH (88) and RbgA (54). GTPases involved in bacterial ribosome maturation Circular permutation in the GTPase domain. RsgA, YqeH and RbgA are classified into a family (4, 93) , which is spread throughout all three domains of life. This family is characterized by a circular permutation in the GTPase domain, resulting in the order of the signature motifs G4-G5-G1-G2-G3 instead of the canonical order G1-G2-G3-G4-G5 (Fig. 1C) . The circular permutation has been assumed to have occurred in the common ancestor of these GTPases, following a duplication of the GTPase domain (4) . A systematic search on available DNA sequences has identified a novel GTPase domain conserved in some eukaryotic proteins with another permutation G3-G4-G5-G1-G2 (94).
GTPases Involved in Maturation of the Ribosome
GTPases involved in maturation of the 30S subunit RsgA (YjeQ, YloQ or CpgA). RsgA has the most clearly defined role in ribosome maturation among bacterial GTPases. It is composed of an N-terminal oligonucleotide/oligosaccharide binding-fold (OBfold), a central circularly permuted GTPase domain and a C-terminal treble-clef zinc-binding domain (7880) (Fig. 1A ). RsgA binds around the A site of the 30S subunit in a GTP-dependent manner (5, 95) and its faint intrinsic GTPase activity is significantly (over 100-fold) enhanced by the 30S subunit, suggesting that RsgA binds the 30S subunit in the GTP-bound form and dissociates from it after GTP hydrolysis (5, 8, 45) . In the absence of RsgA, cells of E. coli or Bacillus subtilis exhibit decreased level of 70S ribosomes relative to the 50S and 30S subunits, accumulation of 17S RNA and reduction in growth rate, suggesting a role of RsgA in biogenesis of the 30S subunit (5, 8) (Table I) .
A genetic screening has identified multiple mutations in RbfA that suppress the defects in the ribosome maturation in cells of an rsgA-null strain of E. coli (66) . RbfA is a putative maturation factor of the 30S subunit and its depletion, like that of RsgA, leads to a defect in ribosome biogenesis (96) . RbfA can bind both the mature and immature 30S subunits with higher stability to the immature 30S subunit (66) . RsgA enhances dissociation of RbfA from the mature 30S subunit, but not from the immature 30S subunit, in a GTP-dependent manner (66) . rsgAsuppressing mutant forms of RbfA have decreased affinities to the mature 30S subunit facilitating its spontaneous dissociation, while they retain normal affinity to the immature 30S subunit (66) . Collectively, a primary function of RsgA has been concluded to release RbfA from the 30S subunit at nearly the last stage of ribosome biosynthesis.
Two cryo-electron microscopy (cryo-EM) structures of the E. coli 30S subunit in complex with RsgA and (97, 98) . Although the orientations of RsgA relative to the 30S subunit in these two structures are completely different, the central GTPase domain covers the top of h44 in both structures, which sterically precludes simultaneous binding of RbfA to the 30S subunit (99) .
It might be possible to assume that RsgA has other role(s) besides releasing RbfA. However, considering that rsgA-suppressing rbfA mutants almost fully restore growth and ribosome profile (66) and that deletion of rsgA in the rbfA-null background has no additive effect on cell growth and ribosome profile (66) , the contribution of RsgA to other processes independent of RbfA would be minor, if any, at least in E. coli cells under standard growth conditions. Era (Bex, Sgp, RbaA or Pra). Era is composed of the N-terminal GTPase domain and the C-terminal K homology (KH) domain (72) (Fig. 1A) .
Era is essential for cell viability of E. coli (100) but not of B. subtilis (29) . Era has been assumed to be involved in maturation of the 30S subunit, based on nucleotide-dependent association to the 30S subunit or 16S rRNA (Table III) , stimulation of its GTPase activity by the 30S subunit or 16S rRNA (Table IV) , intracellular accumulation of 17S RNA upon depletion and several genetic interactions with other maturation factors for the 30S subunit. Indeed, Era moderately accelerates in vitro reconstitution of the 30S subunit, presumably by facilitating some global maturation event such as the conformational change of 16S rRNA (101) .
Genetic interrelations of Era with other factors in E. coli involved in ribosome maturation that have been reported are the following: temperature-sensitive growth in the gene for S12 is partially suppressed by a mutation in the gene for Era (71) ; cold-sensitive growth due to a dominant negative mutation E200K in Era is partially suppressed by overexpression of KsgA, a methyltransferase for 16S rRNA (68) , or its mutant lacking the S-adenosyl-methionine-binding capacity (69); overexpression of Era or its mutant lacking the GTP-binding capacity partially suppresses slow growth and impaired ribosome biogenesis due to loss of the gene for RbfA (9, 102) ; overexpression of Era also partially suppresses defects in growth and ribosome biogenesis due to the loss of the gene for RsgA (67) .
Apo (72), GDP-bound (63) and GDPNP-bound (63, 64) forms of crystal structures of Era from three bacteria are available. They indicate that GTP hydrolysis induces significant conformational changes in switch I and switch II, which trigger a drastic rearrangement in the KH domain, relocating an a-helix to partially mask the RNA-binding surface (63) .
A cryo-EM study has shown that Era binds to the cleft between the head and platform of the 30S subunit, to which S1 also binds (49) . The interaction between the 3 0 -end region of 16S rRNA in this cleft and the KH domain of Era has been shown in crystal structures of A. aeolicus Era in complex with synthetic RNA oligomers (63, 64) . Consistently, the GTPase activity of Era is stimulated several fold by intact 16S rRNA (46, 47) or synthetic RNA fragments corresponding to the 3 0 -end region of 16S rRNA (63, 64) . However, the binding site of the RNA fragments is distant from the catalytic site and no significant conformational change is provided in the GTPase domain by the RNA fragments (63, 64) . Although these structural studies suggest that Era binds the 3 0 -end region of 16S rRNA via the KH domain in the GTP-bound form, a biochemical study (48) has suggested that Era binds neither 16S rRNA nor the mature 30S subunit in the GTP-bound form (Table III) . It is possible that the GTP-bound form of Era has a capacity to bind a precursor of the 30S subunit rather than the mature 30S subunit (63).
YqeH. YqeH consists of an N-terminal-predicted treble-clef family of zinc finger domain (103), a central circular permuted GTPase domain and a C-terminal domain unique to YqeH homologues (81) (Fig. 1A) . The C-terminal domain, designated as peptide/nucleotide recognition (PNR) domain, has a pseudo-2-fold symmetric b-sheet topology (81) .
Depletion of YqeH in B. subtilis cells results in decrease in the level of 70S ribosomes relative to free 50S subunits (10, 104) (Table I) . It also causes accumulation of 17S RNA as well as a degradation product of 16S rRNA (10) . Unlike in that from E. coli or B. subtilis cells lacking other maturation factors, no large peak appears around the 30S fraction in the ribosome profile of extracts from cells depleted of YqeH (10, 104) ( Table I ), suggesting that both retardation of the 30S maturation and degradation of precursor occur in these cells (10) . YqeH binds the isolated 30S subunit in the presence of GTP or GDPNP, but not in the presence of GDP (50) . However, the 30S subunit has no effect on the GTPase activity of B. subtilis YqeH (10), whereas S5 marginally stimulates it (50) .
Although only the GDP-bound form of structures are available (Table V) , the switch I region of the circularly permuted GTPase domain of YqeH has been suggested to undergo a large conformational change upon GTP hydrolysis (81) . It has been proposed that a surface of the C-terminal PNR domain, which is protected by the circularly permuted GTPase domain in the GDP-bound form, is exposed to the solvent to bind RNA in the GTP-bound form (81) .
GTPases involved in maturation of the 50S subunit YihA (EngB or YsxC). YihA consists of a single GTPase domain comprising a typical TRAFAC GTPase domain with an extra b-strand at the N-terminal (73, 74) (Fig. 1A) .
YihA in E. coli (32, 105) , B. subtilis (106) and Staphylococcus aureus (52) is essential for viability. Depletion of B. subtilis YihA causes decrease in the level of 70S ribosomes and accumulation of a precursor of the 50S subunit termed 44.5S, which lacks L16, L36 and probably L27 (11) . YihA of B. subtilis has been suggested to bind the 50S subunit in the GTP form (11, 51) . The binding capacity of B. subtilis YihA to some ribosomal proteins has also been reported, suggesting its binding site on the 50S subunit (51) . YihA also but weakly binds the 30S subunit in a guanine nucleotide-dependent manner (51) . Consistently, S. aureus YihA interacts with 30S subunit proteins S2 and S10 as well as with a 50S subunit protein L17 (52) .
Crystal structures of YihA from B. subtilis (73) and Thermotoga maritima (74) have suggested significant conformational changes in switch I and switch II regions during GTP hydrolysis (74) . However, how such conformational changes modulate the affinities of YihA to the 50S and 30S subunits remains to be elucidated. A cluster of highly conserved positive residues, which occupies a position adjacent to the nucleotide-binding site in the YihA structure (73), might be a candidate for the contact site to the ribosome.
RbgA (YlqF). RbgA consists of the N-terminal circularly permuted GTPase domain and the C-terminal AmiRNasR Transcription Antitermination Regulator (ANTAR) domain (82, 89) (Fig. 1A) .
Depletion of B. subtilis RbgA causes reduction in 70S ribosomes and accumulation of the 45S particle, a presumable precursor of the 50S subunit (Table I) . RbgA protects nucleotides at h38, h81 and h85 on the 50S subunit from chemical modification (12) . Interaction between RbgA and isolated L25, which is incorporated into the 50S subunit under stressful conditions but not in the exponentially growing cells of B. subtilis, has been demonstrated (12) . L25 and the nucleotides protected from chemical attack as well as L16 and L27 lacked in the 45S particle are localized to a limited area around the interface of the 50S subunit (12) .
RbgA binds the 50S subunit and 45S particle stably in the presence of GDPNP or guanosine 5 0 -O-[g-thio]-triphosphate (GTPgS) and unstably in the presence of GDP (12, 54) . Several residues crucial for binding to the 50S subunit or 45S particle have been mapped in the C-terminal ANTAR domain (89) . The faint intrinsic activity of RbgA is robustly (60-fold) and weakly (5-fold) enhanced by the mature 50S subunit and 45S particle, respectively (54) . These observations may suggest that RbgA binds the 45S particle lacking L16, L27 and L36 in the GTP-bound form and after incorporation of L16, L27 and L36, it hydrolyzes GTP to dissociate from the 50S subunit (54) . The N-terminal region of RbgA contains a conserved sequence including a histidine residue crucial for GTPase activity (89) , which might relocate towards the catalytic site upon binding to the 50S subunit (82, 89) . Although a marginal difference in the GDP-and GTPbound forms of RbgA structures has been observed (82), whether this difference could explain the nucleotide-dependent binding to the 50S subunit remains elusive.
Der (YphC, EngA or YfgK). Der is unique in that it has two GTPase domains (GD1 and GD2) in the N-terminal region, which is linked to the C-terminal domain with a KH-like folding (75, 76) (Fig. 1A) .
Der is essential for viability in several bacteria including E. coli (13, 14) , B. subtilis (30) and Neisseria gonorrhoeae (107) . Overexpression of Der suppresses slow-growth and impaired assembly of the ribosome of E. coli cells lacking RrmJ, a methyltransferase responsible for 2 0 -O-methylation of U2552 of 23S rRNA that has been considered to support proper assembly and stability of the 50S subunit (70) . Although Der is often referred to as a maturation factor for the 50S subunit, its depletion has effects on not only 50S but also 30S subunits in E. coli (Table I) , and it has affinities to both subunits (Table III) .
Four different crystal structures of Der from T. maritima and B. subtilis (7577) have indicated a large conformational change upon hydrolysis of GTP by GD1, which would make GD1 mask a positively charged region of the KH-like domain (76). On the other hand, no significant difference between the GDPand 5 0 -guanosyl-methylene-triphosphate (GDPCP) (an unhydrolyzable analogue of GTP)-bound forms of GD2 structures has been found (77) . It is possible that the structure of GDPCPbound GD2 is in the inactive conformation due to the absence of K þ ion, which is required for the active conformation of another potassium-activated GTPase MnmE (77) .
Der binds the 50S subunit specifically in the GTPbound form (11, 13) . A mutation study of Der from E. coli and B. subtilis has suggested that binding of GTP to GD2 is prerequisite for association of Der with the ribosome and that GD1 determines the specificity of the association target possibly by masking or unmasking the positively charged region in the KHlike domain; when GD1 is empty or occupied by GTP, Der preferentially associates with the 50S subunit and when GD1 is occupied by GDP, Der can associate with both subunits and 70S ribosome (55) . Meanwhile, Der from Mycobacterium smegmatis behaves differently. It associates with the 30S subunit and 70S ribosome in a nucleotide-independent manner and also with the 50S subunit when GD2 is occupied by GTP (57) .
A library screening using yeast two-hybrid has identified a Der-binding protein YihI, which marginally stimulates the GTPase activity of Der (65) . Deletion of the gene for YihI shortens the lag phase of E. coli cell growth, whereas its overexpression causes slow growth and impaired ribosome biosynthesis similar to those in Der-depleted cells (65) . Hence, YihI has been proposed to negatively regulate the ribosome maturation by preventing Der from accessing pre-50S subunits (65) .
Obg (ObgE, YhbZ, CgtA or CgtA E ). Obg subfamily proteins are conserved in bacteria and eukaryotes. They consist of the N-terminal domain with an Obg-fold conserved in all subfamilies of the OBG family, the central GTPase domain and the C-terminal domain with an OCT-fold (Obg C-terminal fold) that is unique to the Obg subfamily (83, 84) (Fig. 1A) .
Obg is essential for viability in E. coli (34), B. subtilis (108, 39), Caurobacter crescentus (109), Streptomyces coelicolor (110), Vibrio cholerae (41) and Vibrio harveyi (61) . Depletion of Obg in C. crescentus cells leads to decreased level of 70S ribosomes relative to free subunits (17) . Escherichia coli cells with certain mutations in the gene for Obg exhibit decrease in 70S ribosomes and accumulation of pre-23S RNA and 17S RNA (16, 15) . Free 50S particle (designated as 50S*) accumulating in cells of one of these mutants is enriched with maturation factors RrmJ and RluC and partially lacks L16, L33 and L34 (16) .
As in the case of Der, overexpression of Obg suppresses defects in ribosome biogenesis and cell growth in an E. coli rrmJ-null mutant, suggesting a role of Obg in assembly of the 50S subunit (70) . Binding of Obg to the 50S subunit has been observed in several bacteria (Table III) including E. coli (15, 16, 58) , C. crescentus (17) and V. harveyi (61) . Obg binds weakly to the 30S subunit in E. coli (15) and to 70S ribosome and both subunits (62) in Mycobacterium tuberculosis.
Besides a possible function in ribosome maturation, various roles of Obg have been proposed, based mainly on pleiotropic phenotypes due to depletion or mutation and biochemical data. Several observations argue against the possibility that these phenotypes are the downstream effects of impaired ribosome maturation. A mutation in Obg of C. crescentus confers cell-cycle arrest only at a high temperature, while affecting ribosome profile evenly at the permissive and nonpermissive temperatures (18) . Similarly, conditional depletion of E. coli Obg immediately causes cell-cycle defect without loss of translational capacity (111) . In B. subtilis, two types of mutations in Obg have been contrasted; one mutation blocks sporulation and impairs induction of stress-response genes with little effect on the ribosome profile, and the other significantly affects growth and ribosome profile but does not block sporulation, suggesting two distinct roles of Obg in ribosome maturation and stress response (112) .
Concluding Remarks
It is becoming evident that GTPases play key roles in the ribosome maturation in eukaryotes, facilitating association and/or dissociation of ribosomal proteins and maturation factors (113) . At present, we only understand a fraction of the whole process of the bacterial ribosome biogenesis. Most of the roles of maturation factors, the order of their actions and the connections between them remain unidentified. Studies of GTPases would provide clues to the overall picture, as exemplified by the case of RsgA.
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